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We study the characteristic time scales of the fluctuating local moments in Hund’s metal systems
for different degrees of correlation. By analyzing the dynamical spin susceptibility in the real-time
domain via the fluctuation-dissipation theorem, we determine the time scales controlling oscillation
and damping of on-site fluctuations - a crucial factor for the detection of local moments with different
experimental probes. We apply this procedure to realistic many-body calculations of different fam-
ilies of iron-pnictides and chalcogenides, explaining the material-specific trend in the discrepancies
reported between experimental and theoretical estimates of the magnetic moments.
PACS numbers: 71.27.+a, 75.20.Hr, 71.10.Fd
Introduction – Our perception of the natural world is
significantly shaped by the properties of the detection
process considered. One crucial aspect is the time scale
of the probing mechanism: If this is larger than the typ-
ical time scale of the phenomenon under investigation,
only averaged information will be gained. This general
statement applies to a very broad class of detectors, rang-
ing, e.g. from the vision process in our eyes to the case
of interest for this work: the measurement of magnetic
properties in correlated materials.
In particular, we will focus on the detection of the
local magnetic moments in correlated metallic systems.
Their proper description is indeed a key to under-
standing many-electron systems beyond the conven-
tional band-theory framework. The formation of siz-
able local moments and their screening-processes is cen-
tral to: The Kondo physics[1, 2], Mott-Hubbard[3–
5] or Mott-Hund’s[6–10] metal-insulator transitions,
quantum-criticality of heavy fermion systems[11, 12],
magnetic and spectroscopic properties of Ni and Fe[13–
15] and of unconventional superconductors[16].
Reflecting the high physical interest, several experi-
mental procedures are used to detect the local magnetic
moments and their manifestations[17]: measurements of
static susceptibilities (e.g. in the presence of a Curie-
Weiss behavior) [13, 17], inelastic neutron spectroscopy
(INS) [18], by integrating over the Brillouin zone[19], X-
ray absorption spectroscopy (XAS), etc.
Whether it is possible to obtain an accurate description
of the local moments strongly depends on the relation
between the intrinsic time scales of the different exper-
imental probes and those characterizing the dynamical
screening mechanisms at work. The emerging picture is
typically clear-cut in the cases where the screening pro-
cesses are strongly suppressed, such as in Mott or Hund’s-
Mott insulating phases: Here a coherent description of
the magnetic moment properties (including its size) can
be easily obtained in all experimental setups. On the
opposite side, a much more complex, multifaceted situ-
ation characterizes systems where well preformed mag-
netic moments present a rich dynamic. Good examples
are the strongly correlated metallic regimes adjacent to
a Mott metal-insulator transition, or even better, com-
pounds displaying a Hund’s metal behavior[6, 20], such
as iron pnictides and chalcogenides[21].
An intuitive picture – In order to provide a direct in-
terpretation for the physics of our realistic material cal-
culations, we start from some heuristic considerations on
the dynamics of the local magnetic moment ~µ = g µBh¯
~S in
a correlated metal. The relevant information is encoded
in the time-dependence of its correlation function:
F(t) ≡ 12g2 µ
2
B
h¯2
〈{Sˆz(t), Sˆz(0)}〉 (1)
where g = 2 is the Lande´ factor, µB the Bohr magne-
ton and Sˆz =
∑
` sˆ
`
z the z-component of the total spin
moment hosted by the correlated atom (e.g. a transition
metal element), built up by the unpaired electronic spins
sz of its partially filled d or f shells [17]. The function
F(t) describes both the static (thermal) and dynamic
(Kubo) part of the response [22],which is needed for our
study. In general, one expects the maximum values of
F(t) at t = 0: This describes the instantaneous spin con-
figuration of the system, which is often quite large in a
multi-orbital open shell due to the Hund’s rule. As a
result of the electronic fluctuations, the amplitude prob-
ability to find a magnetic moment of the same size and
with the same orientation will be decreasing with increas-
ing time. At a first approximation, one can identify two
distinct patterns for this process: (i) a gradual rotation
(with constant amplitude) and (ii) a progressive reduc-
tion of the size of the local moment. Within this simple
picture, these effects naturally define two characteristic
time-(and energy) scales for the local moment dynam-
ics: (i) the period of the rotation (tω¯ ∝ 1ω¯ ) and (ii) the
characteristic time (tγ∝ h¯γ ) for the amplitude damping.
The impact of the electronic mobility on the local mo-
ment dynamics will reflect the degree of metallicity of the
different materials and its interplay with the stabilization
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2FIG. 1. Schematic representation of the time decay of local
spin correlations in the underdamped/overdamped regimes.
of high-spin states driven, e.g. by the Hund’s exchange J .
Hence, the values of these characteristic scales may vary
considerably from one material to another, with overall
larger values associated to a suppressed electronic mobil-
ity. In the extreme case of a Mott insulator, one expects
to observe long-living magnetic moments, consistent with
the analytic divergence of the time scales found in the
fully localized (atomic) limit (tω¯, tγ → ∞). On the op-
posite side, in a conventional (weakly correlated) metal
both scales will be extremely short, roughly of the or-
der of the inverse of the bandwidth W of the conducting
electrons (tω¯ ∼ tγ ∝ h¯W ). The most interesting situation
is realized in a correlated metallic context. Here, the
slowing down of the electronic motion, induced by the
electronic scattering, increases the values of both time
scales that remain nonetheless finite. The enhancement
will depend on specific aspects of the many-electron prob-
lem considered, possibly affecting the two time scales in
a different fashion: This leads to the distinct regimes of
underdamped (tγ  tω¯) and overdamped (tγ  tω¯) local
moment fluctuations, schematically depicted in Fig. 1.
As we will discuss below, the actual hierarchy of the
time scales will strongly impact the outcome of different
spectroscopic experiments. Further, quantitative infor-
mation about the dynamics of the magnetic fluctuations
in systems at equilibrium may also provide important
information for the applicability of the adiabatic spin
dynamics[23–25] and, on a broader perspective, crucial
insights for the highly non-trivial interpretation of the
out-of-equilibrium spectroscopies.
Quantification of time scales – The procedure to quan-
titatively estimate the characteristic time scales from
many-electron calculations and/or experimental mea-
surements relies on the Kubo-Nakano formalism for linear
response. In this respect, we recall that the dynamical
susceptibility is defined as
χ(τ) ≡ 〈Tτ Sˆz(τ)Sˆz(0)〉 (2)
in imaginary Matsubara time (where Tτ is the imaginary
time-ordering operator). The corresponding (retarded)
spectral functions χR(ω) are obtained analytic continua-
tion of Eq. (2). The absorption component of the spectra,
ImχR(ω), which is directly measurable (e.g. in INS), pro-
vides a simple means to precisely estimate time scales. In
particular, simple analytic expressions, directly derived
for damped harmonic oscillators, can be exploited for fit-
ting the (one or more) predominant absorption peak(s)
of ImχR(ω). In the illustrative case discussed above, one
has
ImχR(ω) = A
2γω
(ω2 − ω20)2 + 4ω2γ2
, (3)
where γ and ω0 are the scales associated to the major
absorption processes active in the system under consid-
eration, and the constant A reflects the size of the in-
stantaneous magnetic moment. The expression is clearly
generalizable to all cases, where more absorption peaks
are visible in the spectra, as a sum of the correspond-
ing contributions. See supplemental material for a more
detailed discussion of Eq. (3).
The full time-dependence of the fluctuating local mo-
ment, which will be mostly shaped by the interplay of
the time scales defined above, is eventually obtained via
the fluctuation-dissipation theorem:
F(t) = 1pi
∫∞
0
dω cos(ωt) coth(β/2ω) ImχR(ω), (4)
where β = 1kBT is related to the inverse temperature by
the Boltzmann constant kB .
The case of the Hund’s-metals – While the procedure
illustrated above is applicable to all the spectroscopy
experiments of all condensed matter systems, we will
demonstrate its advantages by applying it to Hund’s
metals[6, 20], where the dynamics of fluctuating mo-
ments is of particular interest [26]. These systems can
be viewed as a new “crossover”-state of matter, emerg-
ing from the competition of the local Hubbard repulsion
(U) and Hund’s rule coupling (J), when the correspond-
ing atomic shell is (about) one electron away from a
half-filled multi-orbital configuration. In fact, increas-
ing U suppresses the double occupancy in the correlated
orbitals, driving the system towards a Mott insulating
state, while an increase in J favors the onset of local
high-spin configurations, possibly inducing charge dis-
proportionation [9]. Out of half-filling, the competition
between these two tendencies stabilizes a metallic ground
state also in the presence of high values of the electronic
interaction[6, 9, 27]. The emerging physics of a large lo-
cal magnetic moment fluctuating in a strongly correlated
metallic surrounding evidently represents one of the best
playgrounds to apply our time-resolved procedure.
The prototypical class of materials displaying Hund’s
metal physics is represented by the iron pnictides or
chalchogenides. These compounds, which often dis-
play unconventional superconducting phases upon dop-
ing, are also characterized by interesting magnetic prop-
erties [19, 21, 28]. Both, the ordered magnetic moments
(measured by neutron diffraction in the magnetically or-
dered phase) and the fluctuating moments (measured by
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FIG. 2. Spin-susceptibility of the 3d-Fe atoms as a function of imaginary time (first row), corresponding absorption spectra
in real frequency (second row) and correlation function in real time (third row), computed for different families of iron-
pnictides/chalcogenides in the DFT+DMFT (third column), compared with the corresponding results of the bare (first column)
and the DMFT (second column) bubble calculations.
INS in the paramagnetic high-T phase) are reported to
be systematically lower[29] in experiment than in (static)
LSDA calculations (predicting a large ordered moment
of about 2µB for almost all compounds of this class). It
was also noted that, surprisingly, the larger discrepan-
cies are found for the “less correlated” families 1111 (e.g.
LaFeAsO) and 122 (e.g. BaAs2O2), which display milder
quasiparticle renormalization effects and are character-
ized by lower values of the screened Coulomb interaction
estimated in cRPA[30]. Significantly smaller (or almost
no) deviations are reported, instead, for the most corre-
lated families such as the 11 subclass (e.g. FeTe), where
relatively large local moments are found both in neutron
experiments and theory. Previous dynamical mean-field
theory (DMFT) studies of the inelastic neutron spectra
suggested[31–34] that the local spin fluctuations on the
Fe atom -whose time-resolved description is the central
topic of this work- may be responsible for the observed
discrepancies. These works were restricted to one com-
pound or (at most) one family only, and did not analyze
the real-time domain. Hence, no definitive conclusion
could be drawn about this issue, motivating the present
computational material study.
ab-initio + DMFT calculations – We report here on our
density functional theory (DFT) + DMFT calculations
[35, 36] of the local spin susceptibilities in the iron pnic-
tides/chalchogenides. Different from preceding works, we
computed the spin-spin response functions on equal foot-
ing for several different compounds, chosen as represen-
tative of the most relevant families (1111, 122, 111, 11).
As a step forward in the theoretical description, we put
emphasis on a quantitative time-resolved analysis of the
results, eventually allowing for a precise interpretation of
the physics at play and of the spectroscopic results.
For our DMFT calculations[37, 38], we considered the
following low-energy Hamiltonian obtained via a projec-
tion on the Fe-3d (maximally localized) Wannier-orbital
manifold:
H =
∑
kσlm
Hlm(k) c
†
klσ ckmσ
+
∑
rσσ′
∑
lmno
Ulmno c
†
rlσ crmσc
†
rnσ′ croσ′ , (5)
where l,m, n, o are orbital indices, k denotes the
fermionic momentum, r the lattice site and σ, σ′ the spin,
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FIG. 3. Material dependence of the spin-absorption spectra
in the different families of the iron pnictides/chalchogenides
computed in DFT+DMFT, compared with the typical thresh-
old (Ω ∼ 100meV) of INS experiments. Inset: Corresponding
fraction of m2loc obtained integrating Eq. (6) up to Ω.
and Ulmno is the (static) screened full-Coulomb local in-
teraction estimated in cRPA[37].
Our DMFT results are summarized in Fig. 2, where,
we show the dynamical spin susceptibility on the Fe
atoms of all compounds considered in its different rep-
resentations: imaginary time in the first-row panels [cf.
Eq. (2)], direct output of the QMC solver], real-frequency
in the second row [from analytic continuations], real-time
in the third row [Eq. (1), via Eq. (4)]. In all cases, we
performed our analysis not only for the full DMFT calcu-
lation (third column panels), but also for the correspond-
ing “bubble” terms (i.e., χ0 = −βGG) either computed
with the non-interacting Green’s function (G = G0, first
column) or with the DMFT one (G = GDMFT, second
column). This allows to disentangle the roles played by
band-structure, self-energy and vertex-corrections in con-
trolling the dynamics of the fluctuating moments.
A quick glance at χ(τ) already illustrates an important
finding of our work: The different bandstructure of the
materials does not generate by itself any distinguishable
effects in the local moment dynamics (first two columns
in Fig. 2). Instead, the definite material dependence ob-
served is almost totally originated by vertex corrections
(third column).
One can understand the overall trend as follows: In-
stantaneous (τ = 0) magnetic moments of similar (and
large) sizes but subjected to quite different screening ef-
fects (τ → β2 ). However, only the corresponding analysis
of ImχR(ω) and F(t) allows to extract clear-cut physical
information. By looking at the data for F(t), we easily
note that the moment dynamics described by the “bub-
ble terms” (with/without ΣDMFT) is controlled by very
short time scales for oscillation and damping (∼ 0.5 fs),
roughly corresponding to ∼ h¯/W . The inclusion of ver-
tex corrections causes, instead, a significant and strongly
material-dependent slowing-down of the dynamics: In
the “least-correlated” LaFeAsO, we already observe os-
ω0[eV] γ [eV] tγ [fs] tω¯ [fs]
LaFeAsO 0.3406 0.2787 2.4 3.4
BaFe2As2 0.2733 0.2743 2.6 -
LiFeAs 0.2607 0.5191 9.4 -
KFe2As2 0.3369 1.0657 12.0 -
FeTe 0.0346 0.0273 24.1 30.9
TABLE I. Fitting parameters ω0 and γ of the absorption
peak(s) computed in DMFT with Eq. (3) (second and third
column, where the largest energy scale is marked in bold);
effective lifetime χ(t → ∞) ∝ e−t/tγ (third column) and ef-
fective oscillation period tω¯ =
h¯√
ω2
0
−γ2 (fourth column) for the
different material considered, see [37] for further details.
cillation and damping over few fs (one order of magnitude
larger than in the non-interacting case). These timescales
visibly increase considering more correlated families, up
to the extreme case of FeTe, dominated by a extremely
long-decay over more than 20 fs.
The scenario emerging from the visual inspection of
F(t) is supported, at a more quantitative level, by the
fit of the main absorption peaks of ImχR(ω), as we get,
e.g. tω¯ ' 5 fs and tγ = 2–3 fs for LaFeAsO and about 10
times larger values for FeTe (see Tab. I for details).
Spectroscopic measurements – The considerably dif-
ferent values of the time scales, determined above, will
evidently affect the detectability of the local magnetic
moments (mloc) in the iron-pnictides. While fast probes
(e.g. XAS) are able to detect the high-spin instantaneous
configuration of these Hund’s metal, the characteristic
time scale of the INS (tINS ' 5–10 fs ' h¯/100 meV) are
of the same order as those in Tab. I: time-averaging ef-
fects will, thus, lead to underestimate the local magnetic
moment:
m2loc =
3
pi limΩ→∞
∫ Ω
−Ω
∫
BZ
ImχR(~q,ω)b(ω)d~qdω∫
BZ
d~q
= 3pi limΩ→∞
∫ Ω
−Ω Imχ
R
loc(ω) b(ω)dω,
(6)
where b(ω) = 1/(eβω − 1) it the Bose-Einstein distri-
bution function. This is especially relevant for the “less
correlated” compounds (LaFeAsO and BaFe2As2), where
tγ , tω¯ < tINS. In families with higher degrees of (e.g.
for FeTe, where tγ , tω¯ > tINS) the averaging effect gets
“mitigated”, allowing the detection of larger magnetic
moment sizes, consistent with fast probe XAS experi-
ments. The material dependence of local moment dy-
namics is directly mirrored in the progressive red-shift
of the first-absorption peak in ImχR(ω), as shown in
Fig. 3. Here, one can appreciate how an increasing part
of the spin absorption-spectra gradually enters the typ-
ical experimentally accessible window of the INS (main
panel). This explains the progressively reduced discrep-
5ancies in the size of the magnetic moment (see inset)
observed in the more correlated families of the iron pnic-
tides/chalcogenides.
Conclusions – We illustrated how to quantitatively in-
vestigate, in the real time domain, the dynamics of the
local magnetic moments of correlated systems, and how
to physically interpret the obtained results in terms of
their characteristic time scales. Our procedure, exploit-
ing the fluctuation-dissipation theorem, is directly ap-
plied to clarify the results of INS experiments in sev-
eral families of iron-pnictides and chalcogenides. In par-
ticular, the different degrees of discrepancies w.r.t. the
standard ab-initio calculations is rigorously explained by
comparing the time scales of the fluctuating moments to
the characteristic time scale of the INS probe. Remark-
ably, the strong differentiation between the time scales
of the materials considered, crucial for a correct under-
standing of the underlying physics, is almost entirely due
to vertex corrections.
While the dynamics of the magnetic moments is
particularly intriguing in the Hund’s metal materials
considered here, the same procedure is directly appli-
cable to all many-electron systems and to fluctuations
of different kinds[2]. A precise quantification of the
characteristic time scales may provide new keys to con-
nect the findings of equilibrium and out-of-equilibrium
spectroscopies, as well as crucial information on the
applicability of adiabatic spin dynamics approaches[25].
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